QUESTION: Is there an association between the presence of nucleated red blood cells (NRBCs) in the peripheral blood and outcomes in critically ill children? METHODS: Prospective observational study conducted in 2008 (January to December) in a multidisciplinary paediatric intensive care unit (PICU) of a tertiary children's hospital. We provide univariate analysis, stratified by age group (neonates and children >28 days of age), and multiple logistic regression, comparing clinically important outcomes (death, ventilation, renal replacement therapy, inotropic support) with haematological (NRBC, haemoglobin, platelets, leucocytes), illness severity (expected mortality [paediatric index of mortality, PIM2]), demographic (age, sex) and diagnostic parameters and length of stay. Haematological parameters correspond to the first 24 hours of PICU admission. RESULTS: Out of 670 patients, 195 (29.1%) were NRBC positive and 475 (70.9%) were NRBC negative. In the neonatal age group (n = 232), patients who died, were ventilated or received inotropic support had significantly more NRBCs than patients without these conditions (p = 0.032, 0.038 and 0.029, respectively). In the child age group (n = 438), only renal replacement therapy was significantly associated with NRBC (p <0.001). High PIM score (p <0.001) and longer length of stay (p <0.001) were independently associated with bad outcomes (composite endpoint: mortality and/or ventilation and/or renal replacement therapy and/or inotropic support); NRBC positivity was not an independent predictor of bad outcome (odds ratio 1.44, 95% confidence interval 0.62-3.41). CONCLUSIONS: NRBCs are not an independent risk factor for bad outcomes in paediatric intensive care. However, NRBCs may have some prognostic value in the first month of life. In children >1 month of age, the association between NRBC and outcome is much less pronounced. Trial registration number: StV-01/08
Introduction
Nucleated red blood cells (NRBCs) are a normal finding in the peripheral blood of the foetus and neonate. The more premature an infant, the higher the NRBC count at birth [1, 2] . The normal NRBC count in the term infant is around 0.1-0.2x10 9 /l (0.1-0.2 G/l). Beyond the neonatal period, NRBCs are no longer detectable in the peripheral blood [1, 2] . In neonates, the NRBC count correlates with the severity of chronic prepartum and acute intrapartum states of impaired oxygen transport [1] [2] [3] [4] [5] . In healthy infants, children and adults NRBCs are not present in the peripheral blood [6] . In critically ill adult patients, the presence of NRBCs is a strong predictor of mortality [6, 7] . In these patients, NRBCs may be considered as a parameter that sums hypoxic and inflammatory injuries [6] . It has been shown in children and in adults that there is an association between NRBCs and length of cardiopulmonary bypass [8, 9] , and NRBCs have been found shortly after cardiopulmonary arrest in children [10] . There is no study on the prognostic value of NRBC in the paediatric population beyond the neonatal period. We undertook this study to investigate if there is an association between the appearance of NRBCs in the peripheral blood smear of critically ill paediatric patients and bad outcomes.
Methods

Design and setting
This prospective observational study was performed in the multidisciplinary 18 bed tertiary neonatal-paediatric intensive care unit (PICU) at the University Children's Hospital in Zurich, from January to December 2008. There are about 1,000 admissions a year. In the neonatal age group the unit admits mainly term, outborn infants with cardiac or surgical problems. Ethical approval to conduct this study was granted by the Ethical Committee of Canton Zurich (reference number: StV-01/08).
Patients' characteristics
We included all patients admitted to PICU and excluded patients who were admitted for the second time. In the neonatal age group, 24% of infants were premature (<36 6/7 weeks of gestation) at PICU admission.
Laboratory measurements
Blood samples for measurement of absolute counts of NRBCs, leucocytes and platelets, as well as haemoglobin concentration, were taken during the first 24 hours of PICU admission. We took the first results performed (not the worst or a second one). Blood counts were measured using a Sysmex XE-2100 blood analyser (Sysmex, Horgen, Switzerland). NRBCs were expressed as an absolute number per litre and not per 100 white blood cells because of the risk of confounding effects related to the leucocyte count. Processes that increase the leucocyte count will result in a misleadingly low value of NRBCs when reported relative to the white blood cell count, and processes that decrease leucocyte count will produce misleadingly high NRBC counts [11] . NRBC positivity was defined as an absolute count >0. There was a special arrangement to measure the absolute count of NRBCs during the period of data collection, because NRBC counts had not been routinely performed before this study.
Demographic, diagnostic, illness severity and outcome parameters Demographic, diagnostic, severity of illness and outcome parameters referred to the entire stay in PICU. Demographic parameters: age and sex. Diagnostic variables: diagnosis was coded according to the ANZPIC registry [12] . We referred to the main diagnosis; each patient had only one diagnosis. Some diagnoses were represented by a very low number of patients so we collapsed the diagnoses to three groups as follows: postprocedural, cardiac surgery open and cardiovascular; gastrointestinal, renal and respiratory; neurological, injury and miscellaneous. We analysed the diagnostic subgroup "post open cardiac surgery" separately and therefore excluded it from the "postprocedural" diagnostic group. Severity of illness variable: expected PICU mortality (PIM2: Paediatric Index of Mortality [13] ). Length of stay (LOS) in PICU was regarded as a separate patient characteristic. Outcome parameters: observed PICU mortality, mechanical ventilation (invasive as well as noninvasive ventilation / continuous positive airway pressure [CPAP]), renal replacement therapy and use of inotropic support (none, one, or multiple drugs). All these parameters were drawn from the electronic dataset of the PICU.
Statistics
The aim of this study was to investigate whether there is an association between the presence and/or the number of NRBCs in the peripheral blood and outcomes in critically ill children. In addition to NRBCs, other possible explanatory variables for outcomes were analysed, such as demographic, diagnostic, illness severity and other haematological parameters.
We compared the NRBC-positive with the NRBC-negative patient group regarding the above mentioned haematological, demographic, diagnostic, illness severity and outcome parameters. Because NRBCs are a normal finding in neonates, we formed two age subgroups: neonates (≤28 days of age) and children (>28 days of age). We were also interested in the specific NRBC count of patients who underwent open cardiac surgery and therefore analysed this subgroup separately. To associate a nominal variable to another nominal variable, we provided a frequency table as well as a p-value of either a chi-square or Fisher's exact test, whichever was appropriate. Since most of the continuous variables we were looking at were not normally distributed, we used the Wilcoxon test to compare a continuous variable between two groups. Composite endpoint: given the rarity of each of the outcome events (death in PICU, ventilation, renal replacement therapy and inotropic support), a composite event was created to capture "bad outcomes" in the PICU, and was used to overcome concerns of sparsity in the multivariate modelling. The composite endpoint took the value yes if at least one of the four outcome variables was assigned with a yes. We compared haematological, demographic and severity of illness parameters between groups built by mortality yes/ no, ventilation yes/no, renal replacement therapy yes/no and inotropic support yes/no. Because age is an important stratification [2, 11] , we analysed the data separately for neonates and children. Multiple logistic regression for the composite endpoint was performed to find independently associated risk factors for bad outcome. There were 425 patients with a "yes" and 245 patients with a "no" for the composite endpoint. Independent variables were NRBC positivity, age (newborn), diagnosis (gastrointestinal/renal/respiratory and neurological/ injury/miscellaneous, respectively), sex (male), the haematological values (haemoglobin, platelets and leucocyte count), PIM2 and LOS. All p-values ≤0.05 were considered statistically significant. Computations were done with R (R Development Core Team, 2010) [14] .
Results
1,079 patients were admitted to our PICU during the study period. Measurement of blood parameters for 7 days after PICU admission was foreseen. Median length of stay in PICU was 3.5 days for the NRBC-positive and 1.7 days for
Figure 1
Inclusion and exclusion criteria. NRBC = nucleated red blood cell; PICU = paediatric intensive care unit
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Swiss Med Wkly. 2014;144:w13944 the NRBC-negative patient group. This means that many patients had only a short PICU stay. In order to include as many patients as possible, we thus limited the analysis of blood parameters to the first 24 hours of PICU admission. Unfortunately, NRBCs were not always evaluated, especially during the first months of the study and in the end we had to exclude 409 patients (missing blood counts and multiple admissions). After excluding these patients, we could perform the study with 670 patients ( fig. 1 ). We found 195 (29.1%) NRBC-positive and 475 (70.9%) NRBC-negative patients with 171 NRBC-positive patients (73.7%) in the neonatal age group (n = 232) and 24 NRBCpositive patients (5.5%) in the child age group (n = 438). Standardised mortality ratio for all patients was 0.58 (SMR = observed mortality divided by expected mortality; observed mortality: 19/670 = 2.8%, expected mortality (mean PIM2 score of all patients): 4.9%). Demographic, outcome and haematological parameters for the NRBC-positive and NRBC-negative patients are shown in table 1. PICU mortality was significantly higher in NRBC positive patients (p <0.001). These patients were younger (p <0.001), more often ventilated (p <0.001) and needed more inotropic support with one or multiple drugs (p <0.001 and p = 0.002, respectively). In addition, they suffered mostly from respiratory problems (p <0.001), had a significantly higher PIM2 score (p <0.001) and a longer length of stay in the PICU (p <0.001).
Comparison between outcome variables and haematological, demographic, severity of illness parameters and LOS stratified by age subgroup can be found in table 2. In the neonatal age group, patients who died, were ventilated or received inotropic support had significantly more NRBCs in their blood than patients without these conditions, and there was a significant association between NRBC positivity, inotropic support and the composite endpoint. In children >1 month of age there were scarcely any NRBCpositive patients. The only significant association between NRBCs and outcome was found for renal replacement therapy. There was no significant association between outcome events and the other haematological parameters in neonates, whereas some of the (bad) outcome events correlate significantly with lower platelet and lower leucocyte counts in the child age group (table 2b) . In most cases, severity of illness parameter (PIM2) and LOS correlated significantly with outcome parameters in both age groups. Results of multiple logistic regression are displayed in table 3. The odds for a NRBC-positive patient to have a yes for the composite endpoint was increased by a factor of 1.4 (95% confidence interval 0.62-3.41) compared with a NRBC-negative patient adjusted for all the other variables in the model. However, this association was not significant (p = 0.40). The variables that independently explain the composite endpoint are diagnosis, expected mortality (PIM2) and LOS. In the subgroup of post open cardiac surgery, there were 9 NRBC-positive patients and 104 NRBC-negative patients. Seven of the nine NRBC-positive patients were in the neonatal age group. There were 381 patients excluded because of missing NRBC determination in the first 24 hours. This group was composed as follows: 18.6% neonates (<1 month of age). The three most frequent diagnoses were "respiratory" (n = 67, 17.6%), "injury" (n = 54, 14.2%) and "miscellaneous" (n = 34, 8.9%), respectively. Mortality was 1.6% (6 patients died), 103 patients (27%) were ventilated. LOS was 0.86 days (median) and PIM2 score was 2.83% (mean). In the study sample (n = 670), the respective percentages were: neonates 34.6%, "respiratory" 18.6%, "injury" 7.9%, "miscellaneous" 9.6%, mortality 2.8%, ventilation 57.2%. Median LOS was 1.92 days and mean PIM2 was 4.9%.
Discussion
NRBCs may have a prognostic significance in the first month of life. In neonates, most of the bad outcome parameters correlated with the absolute number of NRBCs and/ or NRBC positivity (table 2a) . In older children, we found a correlation only for renal replacement therapy but the small percentage of NRBC-positive patients in the child age group (5.5%) precludes reliable statistical results for children older than 28 days. Critically ill neonates may be more prone to NRBC production/release than critically ill children. A possible explanation might be a difference in interleukin-6, erythropoietin (EPO) or catecholamine production between these two age groups. Additionally, younger children have a lower threshold for NRBC release into the circulation than older children or adults [8] .
NRBCs may be considered as a parameter that sums hypoxic and inflammatory injuries [6] . Interleukin-6 is a mediator of the EPO upregulation in children with systemic inflammatory response syndrome triggered by septic shock [15] . A former study showed that there is a significant and positive correlation between EPO levels and NRBC counts [16] . Suppression of EPO by red blood cell transfusion has been shown to decrease NRBC counts significantly [17] . Catecholamines may also play a role in increasing NRBC count. In animal experiments, catecholamines have been shown to increase EPO production [18, 19] . Therefore, the significant association between inotropic support and NRBC in neonates may be due to critical illness (needing inotropes) or may be a direct consequence of the drug. A possible explanation for the only significant correlation of NRBCs with renal replacement therapy in the older age group (>28 days of age) might be the very critical state of these patients. In our unit, renal replacement therapy is usually done in patients with a history of several days of critical illness, evolving towards multiple organ failure. This may be a trigger strong enough for NRBC release with a trigger threshold probably higher than in the neonatal period. Interestingly, bad outcome parameters were associated with low platelet counts and low leucocyte counts in the child age group. In our study, these haematological parameters were more sensitive markers of bad outcome than NRBCs.
In both age groups, there was a good association between the outcome events we chose for this study and the severity of illness parameter (PIM2) as well as LOS (table 2) . This is at least an indication that the outcome parameters may in fact describe bad outcomes. Parameters which independently explained bad outcomes in multiple logistic regression were diagnosis, severity of illness and LOS. There was no significant independent prognostic role of NRBC positivity (odds ratio 1.44, 95% confidence interval 0.62-3.41). However, NRBC positivity might show a trend as an independent predictor of bad outcomes.
A recently published study in adults admitted to a surgical intensive care unit [20] found that any positive NRBC value was associated with a poor outcome and that increasing NRBC values were associated with an increasing mortality. Additionally, there were trends in NRBC values and a return to zero was protective in comparison with values that never returned to baseline. Our study was not designed to detect any trend of NRBC values, but results in this field are very interesting and further investigation in the paediatric population is needed. We could not reproduce the finding that patients after open cardiac surgery with cardiopulmonary bypass have more NRBCs in their peripheral blood smear [8] . This may be explained by the duration of the observation period; Frey et al. [8] took the NRBC count for the first to the tenth postoperative day, showing higher peak levels in the later postoperative course; we analysed only the first 24 hours after PICU admission. We had to exclude 381 patients because of missing NRBC determination in the first 24 hours of PICU admission and are well aware of a possible bias. The excluded patients had lower illness severity than the analysed patients (lower PIM2 score, lower LOS and lower proportion of ventilated patients). The relatively good condition of these patients may explain why no blood film was taken at admission. Secondly, for statistical reasons, diagnostic groups had to be arbitrarily collapsed for multiple logistic regression calculations. Therefore, we are not able to say which specific diagnoses are independently associated with NRBCs. Thirdly, mortality is typically low in paediatric intensive care, which makes it more difficult to find an association between NRBC and bad outcomes, compared with adult intensive care. The composite endpoint in our study was dominated by the more frequent outcomes "ventilation" and "inotropic support".
Conclusion
The association of NRBCs in the first 24 hours after admission and outcomes of critically ill children is age de- Table 3 : Multiple logistic regression for the composite endpoint (dependent variable). The composite endpoint (death and/or ventilation and/or renal replacement therapy and/or inotropic support) had a value yes if at least one of the four outcome variables mortality, ventilation, renal replacement therapy or inotropic support was assigned with a yes. Interpretation for "newborn yes" (binary variable): the odds for a "yes" for the composite endpoint are decreased by a factor of exp(-0.47) = 0.627 for patients with a newborn status of "yes" compared to those with a "no" for newborn. Interpretation for "haemoglobin (g/l)" (continuous variable): the odds for having a "yes" for the composite endpoint are decreased by a factor of exp(-0.002) = 0.998 for an increase of haemoglobin by one unit. This effect is multiplicative, i.e., for a value of haemoglobin that is by a factor of 2 higher, the odds for a "yes" are decreased by a factor of exp(2*-0.002) = 0.997. Interpretation for "log(PIM2)": an increase of log(PIM2) by 1% increases the odds for having a "yes" for the composite endpoint by a factor of exp(1.333) = 3.794. pendent. In the first month of life of mainly term infants, increased numbers of NRBCs had a prognostic value in regard to mortality, ventilation and inotropic support. In children >1 month of age, the association between NRBCs and outcome is much less pronounced. However, PIM2 score, LOS and diagnosis independently predicted bad outcome (death and/or ventilation and/or renal replacement therapy and/or inotropic support). Further investigations are needed to assess trends in NRBC values for critically ill children.
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